Maser stars have been found with radial velocities up to +350 km s −1 and down to −350 km s −1 and exclusively within a few degrees from the Galactic centre. They form two spatially separated streams: one stream is at positive longitudes and consists of stars going away from us and the other is at negative longitudes consisting of stars approaching us. I show that closed orbits in a simple mass model for the bar explain quantitatively the existence of the two streams and the velocities observed. The mass of the bar is estimated on dynamical grounds: 3 × 10 10 M sun .
Introduction; Minkowski's problem
Fifty years ago Minkowski (1965) published a review paper on the Galactic distribution of planetary nebulae (= PNe). Their distribution in longitude, latitude and radial velocity proved that almost all are part of the rotating Galactic disk. One thus expects all objects to have radial velocities lower than the maximum velocity of rotation, that is, below 220 km s −1 (Sofue 2013 ). Minkowski found contrary evidence: close to the Galactic centre the radial velocities of the PNe rose to +270 km s −1 . This is Minkowski's problem: an unkown force near the Galactic centre accelerates the PNe to high velocities. PNe are faint objects and their detection is seriously hampered by interstellar extinction. This is not so for their close relatives, the maser stars, the first of which was found in 1968. They are detected at radio wavelengths independently of interstellar extinction. In 1975 Baud et al. (1975) reported the detection of a maser star at 20 arcmin from the Galactic centre and with a radial velocity of −340 km s −1 . Over 1000 maser stars have been detected since then and almost all lie in the directions of the inner part of our Galaxy. In Table 1 I have listed 52 maser stars with velocities greater than +220 km s −1 or less than −220 km s −1 . Minkowski's problem still exists and the reasons why many stars have a velocity so high is unknown. In this paper, I propose that the rotating Galactic bar offers the solution: the stars follow elongated orbits inside the bar and they reach a high velocity when they pass the Galactic centre.
In several studies Maartje Sevenster has advocated the presence of the maser stars in the Galactic bar Sevenster 1999) . This paper is a continuation of her work.
Distribution of maser stars in Galactic longitude
and latitude and in radial velocity Figure 1 shows the Galactic longitude and latitude (l, b)-distribution of maser stars and Fig. 2 the corresponding longitude-radial velocity (l, v rad )-diagram. The black points have been taken from the OH-maser star surveys by Sevenster et al. (1997a) , Sevenster et al. (1997b) and Sevenster et al. (2001) that Sevenster et al. (1997a Sevenster et al. ( ,b, 2001 ) and from other surveys; see Table 1. cover the northern and the southern sky using the VLA (Very Large Array) and the ATCA (Australia Telescope Compact Array), respectively. These surveys have been made under uniform conditions with respect to coverage on the sky, velocity range and sensitivity and are the best suited for statistical considerations. I have added 52 maser stars with a radial velocity |v rad | ≥ 220 km s −1 from Table 1 . I will call these the highvelocity stars. In Fig. 2, I have also added groups of stars with velocities greater than +150 km s −1 or less than −150 km s −1 from a survey by Babusiaux et al. (2014) . Figure 3 shows the distribution in l and b of the high-velocity stars; in red the stars going away from us, in blue those approaching us. Several comments in Figs. 1-3 are important. First, all highvelocity objects have been detected only in directions within 10 deg of the centre of our Galaxy. This is not a selection effect. For example, Eder et al. (1988) discovered 169 OH-maser stars more than 10 deg from our Galactic centre and found no high-velocity objects in their velocity window with a width of 900 km s −1 . In her survey Sevenster searched the area −45 deg < l < +45 deg, −3 deg < b < +3 deg at velocities between −300 kms and +400 km s −1 with the VLA and with the ATCA; she used a homogeneous detection limit and found high-velocity stars only near the Galactic centre. te Lintel Hekkert et al. (1991) searched for OH-maser stars in IRAS point sources over the northern and southern sky and detected 738 maser stars; only -1940 - Deguchi et al. (2000a five had a high velocity and they all appear in Table 1 . The same holds for the SiO-maser surveys by Messineo and by Deguchi, Fujii, Izumiura, and other Japanese observers.
Second, there is maximum (+350 km s −1 ) and a minimum radial velocity (−350 km s −1 ). These limits have not been caused by observational selection. Stars with velocities up to +400 km s −1 or down to −400 km s −1 would have been found, if they existed.
Third, the average longitude of the red points in Fig. 3 equals +2.63 and the standard deviation is 2.93; for the blue points these values are −2.27 and 2.27: the red points are systematically at positive longitudes and the blue points at negative longitudes. Table 1 ) (red). Red squares indicate the number of stars in velocity intervals from a near-infrared survey by Babusiaux et al. (2014) . The two horizontal red lines indicate the velocity limits of the high-velocity stars. Sevenster et al. (1997a) SiO: Deguchi et al. (2000a) There are two streams of high-velocity stars, one going away, the other coming. The trafic keeps left, British rule. Fourth, the distribution in latitude b = − 0.104 and the rms value =±1.33. This distribution is wider than that of the ensemble of all black points in Fig. 1 . The mechanism that binds the stars to the Galactic plane is weaker at the Galactic centre.
There is no indication that the two streams seen in Fig. 3 are temporary: they must be the result of an equilibrium. Therefore the two streams are part of a closed loop of high-velocity stars. Finding the orbits of these stars is the goal of this paper.
The nature of maser stars and of planetary nebulae
The first maser stars were detected by Wilson & Barrett (1968) who recorded an emission line at 1612 MHz from a few infrared stars in a survey by Neugebauer et al. (1965) . Later it appeared that H 2 O-and SiO-maser stars also exist. A review of the early history of the detection of maser stars is given by Habing (1996) . I will use the OH-and SiO-maser stars because they appear to belong to the same Galactic population. I will not use H 2 Omasers; surveys for these stars have been limited and samples are polluted with star formation masers, a problem that does not happen for OH-or for SiO-maser stars. The maser star is a single star of intermediate mass during the last episode of its AGB-stage (see Habing & Olofsson 2003) . In a short span of time the star throws off most of its envelope; the short duration of this episode makes the maser a rare phenomenon although the star itself is quite common. The star is surrounded by a dense circumstellar envelope. Solid particles and molecules form in this envelope. The solid particles convert all the stellar radiation into infrared photons and the simultaneous presence of an intense infrared field and of molecules leads to the maser amplification. Messineo (2004) used infrared data from various surveys and determined the interstellar extinction and the bolometric magnitude of the SiO-maser stars near the Galactic centre: −6 ≤ M bol ≤ −4 with a peak at −5. Comparing this range in luminosity with model calculations led her to the conclusion that maser stars intially have a mass of 1 to 5 M sun and an estimated age between 0.8 and 5 Gyr.
In spite of their very different appearance PNe are astrophysically the same as maser stars but slightly more evolved. PNe data confirm the distribution in velocity and longitude obtained from the maser stars. Because the PNe sample is very incomplete close to the Galactic centre I will not discuss them further.
The effect of the Galactic bar

Evidence for a bar
The existence of a Galactic bar was first suggested by de Vaucouleurs (1964) as an explanation for radial velocities in the 21 cm line in the inner Milky Way, velocities that could not be explained by Galactic rotation. In the 1990s the discussion was resumed when much more detailed but similar measurements had been made in CO. This led to the conclusion that a bar had to be present (Binney et al. 1991; Englmaier & Gerhard 1999) . Independent information came from asymmetries in the distribution of stars in the inner Galaxy (Whitelock & Catchpole 1992; Sevenster 1999) . Surface photometry of the inner Galaxy in the infrared showed structures very suggestive of the existence of a bar, first the data of a japanese balloon survey (Blitz & Spergel 1991) and later superior COBE and Spitzer data (Binney et al. 1991; Bissantz & Gerhard 2002; Benjamin et al. 2005; Churchwell et al. 2009 ). Star counts have been used as well (e.g. Robin et al. 2012 ). The possibility of using "red clump" stars as objects with a well-known absolute magnitude makes star counts an attractive tool for the analysis (e.g. Wegg & Gerhard 2013 ; see their Fig. 13 ). All these attempts strongly support the existence of a bar in our Galaxy. Quantitatively uncertainty remains about the mass of the bar and how it joins the Galactic disk. Hammersley et al. (2000) proposed what become known as the long bar with a length of 4 kpc and with an angle of 45 deg to the Sun-Galactic centre line. His configuration of two different, partially coincident bars is dynamically unstable and that has led Martinez-Valpuesta & Gerhard (2011) to the explanation that the long bar is an extension of the main bar at both ends and thus it consists of the parts that connect the main bar to the molecular ring. A remarkable finding is the existence of star forming sun . A velocity of 1 kpc/Myr = 978 km s −1 . The long axis of the bar is along the y-axis and it makes an angle β with the line Sun-Galactic centre. The Sun is located at (−r GC sin β, r GC cos β). The velocity of the Sun will be (v sun cos β, v sun sin β). I will use β = 25 deg, r GC = 8.34 kpc and v sun = 255 km s −1 (Reid et al. 2014) . The angular velocity of the bar, Ω will be taken equal to the velocity of the bar at its end points (220 km s −1 ) divided by the length of the bar (3 kpc).Thus Ω = 73 km s −1 /kpc = 0.075 Mpc −1 . The geometry used for the model calculations is shown in Fig. 4 . Changes in the basic parameters by up to 20% do not affect the main conclusion.
The velocity perpendicular to the Galactic plane will influence the radial velocity measurement of a star. The observations (Fig. 1) , however, show that the amplitude of the oscillations in z is at most a few hundred parsecs and therefore the effect on the radial velocities is negligible (<200/8000). Consequently I put everywhere z = 0. The motion in this ellipsoid is a twodimensional (x, y)-problem.
The bar will be approximated by a prolate spheroid of constant density ρ and with axes (a x , a y , a z ), where a x = a z ; the eccentricity equals e s = 1 − a 2 x /a 2 y . The bar rotates at an angular frequency Ω.
Inside the ellipsoid the gravitational potential is given by Binney & Tremaine (1987) :
Here A 00 , A 10 , A 01 are functions of e; the expressions are given in Table 2 .1 in Binney & Tremaine (1987) . The orbits are described by the following two equations:
The two equations are coupled through the Coriolis accelaration (−2Ωẏ, +2Ωẋ). Therefore the free fall of the stars through the bar cannot be one-dimensional, i.e. linear. Next, observe that because ∂Φ ∂x and ∂Φ ∂y are linear in x and y, all terms in both equations are linear in x and y and their derivatives. This suggests that sinusoidal orbits may be a solution to the equations. Define B x ≡ 2πGρA x and B y ≡ 2πGρA y and substitute x = x 0 sin ωt and y = y 0 cos ωt in the equations of motions. It follows that
These equations have the trivial (and useless) solution x 0 = y 0 = 0. A non-zero solution exists if ω and f ≡ y 0 /x 0 fulfil the equations
The orbits are ellipses with axes (x 0 , y 0 ), where x 0 = y 0 / f ; they all have the eccentricity e o = 1 − 1/ f 2 . For an ellipsoidal mass distribution with eccentricity e s and density ρ, Eqs. (6) and (7) can be solved for f and ω. One can choose freely either x 0 or y 0 , provided that x 0 < a x and y 0 < a y ; thereafter the orbit is fixed. All ellipses corresponding to one value of ( f, ω) form a family with the same eccentricity and orientation. The maximum velocity in the x-and y-directions is reached at x = 0 and y = 0, respectively, and is given by ωx 0 and ωy 0 . Stars in an orbit with ω > 0 move in the clockwise direction, and in the other direction when ω < 0. If f = 1 the ellipse becomes a circle. Then B x = B y = 4π 3 Gρ.
. In all practical cases B x ≥ Ω 2 and thus two values are found for ω, one larger than 0 and one smaller than 0, corresponding to either the clockwise or the anticlockwise direction.
Graphs in f and ω show that there are four solutions ( f, ω) that form two pairs, ( f 1 , ω 1 ), (− f 1 , −ω 1 ) and ( f 2 , ω 2 ),(− f 2 , −ω 2 ). Each pair represents the same orbit. One of the two values of f , say f 1 , is larger than 1 and corresponds to orbits elongated in the y-direction; the other, f 2 , has a value between 1 and 0 and corresponds to an orbit extended in the x-direction. The clockwise or anticlockwise direction is dictated by the value of f : if f > 1 the maximum velocity in the y-direction, ωy 0 , is f times the maximum in the x-direction and the coriolis-acceleration then decides in favour of the clockwise rotation. By the same argument the rotation will be anticlockwise if f < 1. One is reminded of the discussion on x 1 and x 2 orbits (Binney & Tremaine 1987, Figs. 3-14) . Figure 5 shows orbits of different eccentricity inside the bar.
The calculations give us the values ofẋ andẏ. To transform these into (v rad , v perp ) (i) the rotational velocity of the bar (∆v x = Ωy) was added; (ii) the velocity of the Sun (v x = v sun sin β, v y = v sun cos β) was subtracted and (iii) the coordinates were rotated Fig. 5 . Orbits of different eccentricity but all passing the x-axis at x = ±0.2 with a velocityẏ = 300 km s −1 using the parameters in Table 3 ; this table also gives the colour of each orbit. All orbits are in the clockwise direction. The units in x and in y are kpc.
over an angle α (see Fig. 4 ). Figure 6 shows the traces in the lv radplane of the orbits from Table 3 . From e s = 0.4 to 0.95 the traces slowly increase in width but when the eccentricity reaches 0.99 there is a fundamental change in the loop: it widens strongly at positive longitude precisely as is observed (see Figs. 6 and 7).
Derivation of the orbits of the high-velocity stars
The elliptical orbits found in the preceding section directly explain the separation between the red and blue points in Fig. 3 : the existence of the two streams. I thus look for orbits that pass the x-axis at x = ±x 0 = ±0.2 kpc with a velocityẏ = 300 km s −1 . I use e s as free parameter and calculate the parameters ρ, f, ω for different values. The results are in Table 3 and in Fig. 5 . In addition I show the trace of each orbit in the lv rad -diagram (see Fig. 6 ).
The remaining problem is to choose the right orbit from this table and these figures. Remarkably, three different arguments lead to the conclusion that the correct orbit is that with the highest eccentricity (e s = 0.99). The first argument is from Fig. 2: it shows that the effect of the bar is already seen at longitude +12deg and since x 0 = 0.2 and y 0 = r GC sin 12 deg / sin 143 deg = 2.8 kpc it follows that f has to to be about 14.
The second argument comes from comparing Figs. 6 and 2: only the loop belonging to e m = 0.99 is broad enough to include the stars of the highest velocity at each longitude. 
Bar and bulge
So far I have treated the bar as an object with a gravitational potential of its own. Clearly there are other main Galactic components to be considered. Therefore, I included a point source at the Galactic centre with mass M ps and a Galactic bulge with mass M b . I used a Ferrer ellipsoid of rank n = 1 in which the density is constant on ellipsoids and where the density along the y-axis varies as ρ(x, y, 0) = 1 − y 2 /a 2 y . The gravitational potential is therefore
where
The constants A 00 , etc. are integrals over (x, y) and are defined in Binney and Tremaine. I took M ps = 2 × 10 8 M sun , M b = 1 × 10 10 M sun and (a x , a y , a z ) = (0.4, 3.0, 0.4). There exists no analytic solution to the equations of motion and I therefore solved these numerically using a Runge-Kutta approximation. Figure 8 shows the lv rad -diagram of a calculation with the parameters as given above and with a central density in the Ferrer Bar of 16 M sun /pc −3 . The orbit is that of a star that starts at (x, y) = (0, 3.0) with a velocity (v x , v y ) = (0, 0).
The main conclusion is that the presence of a bulge and a point source at the Galactic centre does not affect the main conclusion: the high velocities of the maser stars are nicely explained by a rotating bar.
Discussion and conclusion
The best model distribution has a high eccentricity, e m = 0.99. The ellipsoid in which the closed loop is embedded has dimensions of (a x , a y , a z = 0.4, 3.0, 0.4). This is in between two current but different bar models: the Galactic bar and the long bar (see e.g. Monari et al. 2014) . The elongation (7:1) is high, but as argued above, the elongation is required by the observations because the maximum and the minimum radial velocity are close to l = 0 deg. It is quite possible that the bar discussed here is a high-density ridge in a wider bar. Model calculations in a thicker model (1.0, 3.0, 1.0) show that the longitude of the maximum (minimum) radial velocity is unacceptably far away from l = 0 deg. I also tested the model of a "demi-baguette" with dimensions (a x , a y , a z ) = (0.5, 1.5, 0.5). The resulting (l, v rad )-curve has the right range in v rad but the width of the loop is too small.
Where did these maser stars form? There is no evidence of star forming regions along the bar; also, numerical simulations imply that the bar was formed early in the history of our Galaxy. In the corners of the bulge the bulge stars appear indeed to be 10 Gyr old (e.g. Valenti et al. 2013) . Maser stars are at most 5 Gyr old (Messineo 2004) ; where were they born? I suggest that this happened in the star forming region at each end of the bar (Hammersley et al. 1994; Ramírez Alegría et al. 2014) . Martinez-Valpuesta & Gerhard (2011) and Gerhard & Wegg (2014) argued that there is a "bridge" between the molecular ring and the bar. In Fig. 8 the stellar velocities at the tips of the bar are zero in the frame of the bar and thus equal to those of the star forming regions there. This suggests that the stars that formed in the molecular ring at the end point of the bar may sometimes have wandered into the bar and in due time evolved into maser stars.
Maser stars develop into planetary nebulae and one expects the (lv rad )-diagram of the planetary nebulae to be the same as that of the maser stars. This is indeed the case, although the sample of PNe misses many objects at low Galactic latitude because of foreground extinction.
The mass of the bar in the best model is M bar = 4π 3 a x a y a z ρ = 3 × 10 10 M sun . Dwek et al. (1995) analysed the infrared photometrical contours of the bulge of our Milky Way as measured by COBE/DIRBE and find for the bulge L bar = 5 × 10 9 L sun , and thus M/L = 30/5.3 = 5.7. This value is uncertain because it is not clear that the bulge seen by COBE/DIRBE is the same as the bar I used here.
We will learn much more about the velocities of the maser stars discussed in this paper when their proper motions are derived. VLBI techniques allow a sufficiently accurate determination of maser positions with respect to quasars so that proper motions can be detected after a few years. This is the goal of the BAaDE project, a survey aiming to map the positions and velocities of up to 34 000 SiO maser stars in the Galactic bulge and inner Galaxy 1 .
